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FOREWORD

The cardina] purpose of this report is to discuss a principle
of control systemdesign based upon considerations of human engi-
neering. This principle will be found to advocate design practices
ot man-machine systems simtlar to those customarily employel
by engineers with fullyautomatic systems. Admittedly, the reason-
ing ieading to the principle is largeiy speculative, but successes
have been attained in following i1t which would seem to warrant a
hopeful attitude toward its future usefulness.

Part 1 is intended to be fully self-contained and to carry the
complete argument for the principle, as well as engineering sug-
gestions as to its accomplishment. In thi« part, both engineering and
psychologicat ter minology sre employed, but the message is phrased
primarily for the engineer rat! er than for the psychologist.

Quite the coatzary is true for Part 2 of the report. In this part,
the design principle, which inttially was stated in terms of 2 contin-
uous mathematical model, is restated in terms of the essential
discontinuities of stimulus-responss psychology. Though this may
hold no in:mediate interest for the engineer, it should serve to
provide the psychologist with a better underata. 'ing of whatever
etf'cacy the design principle may be shown to possess, Further-
more, since many psychologisis tend t0 hink and structure their
research around stimulus-response concepts, Part 2 may provide
an avenuc by means of which the findings of psychological labora-
tories can contribute materially to control engineering.

1t 1s too much to expect that the design principle set forth in this
paper will long stand without elaboration or correction. The fact
that itis possille to acro:nmodate the princisle wiithin the structure
of two different, and to some exient antinomic, modeis points t»
increased specificity as one direction inwhich modification woull be
desirable. Future research will, no doubt, make necessary other
and perhaps more (mporiant changes. However, if in snite of its
vitimate inadequacy, the approach described in this r:port directly
furthors control engineering by a small amount and, indirectly,
leads nthers to develop more sophisticated and {ruitful principies,
this e’fort will not have been wastea.
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ABSTRACT

Empirical evidence suggests that, at least for short
periods of activity, the simpler the tasks imposed upon the
human operator of a control system the more precise ..d
leas variable become his responses. This leads to the view
that optimal man-machine control system performznce can
be nbainad only when the mechanical compunents of the
sysiem are designed so that the human need act oaly a5 a
simple ampiifier. Waye and mesns sre described for
achieving such design through “unburdening” (relleving the
operator of the task of acung as an integrator) and“quickening®
(providing the operator with immedists ¥nowledge of the
effects of his own responses). Alded tracking and other
eiforts to improve > siability of man machine systems by
moditying the display circuitry are shown to be examples
of these two proceases.

InPart2, a “stimulus-response” analysisis made cf the
concepts of unburdening and quickening. It is argued that in
those man-machine system arrangements which require that
the oparator behave as nothing more complicated thas a
simple amplifier, a condition of“stimulus response integrity”
may be sald to exist. Only under this condition do the
ragponses which the man {s calied upon to make bear an
invariant ard proportionsl relationship to the instantaneous
amplitude values of the visusl error (sitmull). Itis suggested
that the choiceofa pur~ult or compensatory type display s
contingent upon the 2xtent to which stimuius-responas integ-
rity has been 2chieved in the aystem urnder consideration
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A HUMAN ENGINEEPING APPRCACH 7O THE DESIGN
OF MAN-OPERATED CORTINUCUS CONTROL SYSTEMS

PART 1

THE SUBSTITUTION OF MECHARICAL FUNCTIONS
FOR ELEMENTS OF THE HUMAN OPERATOR’3S TASK

THE MAN-MACHINE SYSTEM

in many control systems ine humsn acts &8 the arrus detector. Men play such a role
in piloting atrcraft, in steering ships, in controlling submarinss in heading and depth, in
driving tanks and automoblles, and in tracking with gun and missile directora. During the
last decade 1t has verome evident that, in order to develop control systems with maximum
pracision and stability, human responce characteristics have to be taken into account,
Accordingly, the new discipline of engineering psychology was created to undertake the
study of man from an engiueering point of view.

One of the by-products of engineering psyzhology is the conc«ptuslization of the human
operator and the machine which he controls 29 the ¢o parts of ons over-all man-machine

system Figure 1 shows 2 paradigm of thiz concept.

H
WPUT—— ~=0UTPUT

Figure 1 - The man-machine system
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Thp man i3 schemat!zed by the boxes shown above the heavy black line, white com-

tions are important tc man- mnchme system opeuuon, t.hese are the receptors, the central
nervous system {CNS), and the effectors.

The re2aptors consist of tho sense organs cf the body; for example, special ceus in
the retina of the eye, the organs of Corti in the ear, and the proprioceptors in the muscles,
tendons, and joints. It is through the receptor organs that changes in energy in the externsl
environment take effect upon the human organism. Such energy changes which excite recep-
tor cells are called stimult (S).

But ar* cnly is the organism acted upon by the environment—in turn the man modifies
the external world through responsas (R) of the efiector organs. In the human, the effec-
tors consist of muscles and glands, thcugh only the former are directly involved in man-
machine svstem function.

Betweon the receptors and effectors s shown the central nervous system, which con-
8ists of the brain axd zpinal cord, It is through the activity of this nervous system that
thought, judgment, and decision-making arise and loarning takes plzce.

Connecting the three uppsrmost boxes are lines which represent the poriphoral narv-
ous system, with the sensory nerves connacting the receptors to the central norvous system
and with the effectors baing supplied by the motor nerves, The upper portion of tho disgram
may be interpreted 23 indicating that stimulation from the outsids lsads to nerve impulses
going to the central NETVOLA SYSIAN], WikiFe oy WIo resudiou mivug ule OST Rarvsas o the
muscles, The latter respond, moving the body or applying force to some object and thus
altering in some degres the state of the extarnal world,

The oaly pert of man's eavircamsn. representod {n the dlagram is the machine, which
is shown in the lower half cf the figure. It is through the controls, the levers, knobs,
handwheels, tnd switches that human responsa takss its effect upon the mechanism On the
othar hand, it is through the displaya, the dials, light panels, cathode ray tubes, horns,
buxzers, and cross-pointer inatcators that the operator is presented with information con-
cerning thu activities of the mechanism, which is represented in the schama by the ox
{abelled M. Within the box are the vacuum tubss, ths amplifiers, the spocial circuis, the
servo motors, tha electronic or mechanical computers, and the pewer drives—in st urt,
those parts of the system which are traditionally of greatest interezt to the enginee- .

At the very bottom of the peradigm are shown the {1put and the output of the sy: tem.
The nature of these two quantitias depends, of course, upon the particular man-machine
sysiem «nder consideration. In an automoblle-driver system the input consists of succes-
sive positions along ihe twisting roaaway, as visuzlly apprehended, while the output is the
progress of the car along the hignway. In an untiaircraft system, the taput is the spatial
courde of the enemy sircraft sensed thre agh optics o radar. The output, in this case,
consists of voltages which position the guns so that the buliets will pasa close to the target

If the compietc man-machine systam is assumed to bs = gun pointing device, the infor-
mational flow 13 as follows the position of the enemy aircraft is sensed, let us say, hy
radar Thic t~formation is processed at M and displayed to the operator. The display
might e >uch a3 o present the target a3 a dot on a cathode ray tube, saen against a cen-
tered crons line  The operator, having been instructed tc track the target, observes the
misalignment ana manipulates a contrnl to move the target onto the reticle. The control
notion, when transicrmed by M, (1) changes the system output {it reposltions the guns,

VI the human's response has been adequate, reduces the misalignment between -

w6 ros~ . However, since the input wiil continue to change, the i n
ed continually to make conuol adjustments {f he is to keep the mi~a u
rooagil have the effect of insuring hat the outpot of the  or,

Fory

| Bt i




NAVAL PESTARCH LASORAYORY 3

1emains more Nt 12ss appropriate to the input, i.e., that the guns will shoot in the general
airection of the tarket. In the cace of atrpianes tanks, radars, sonars, and the like, dif-

ferent inputs and cutputs are wvolved, but the diagram lits equally weil.

n general, it 1s the task of the enginecring psychologist to assist the engineer in design-
ing the displays, controls, and intervening mechanism so that the output of the man-machine
system is optimized, whiie the human operator requirements in regard (o .ative ability
and training are munimized, Specifically, this report will be confined to recommendations
con.erning the design of the circuits and equipments which define the task of the operator

in a continuous control 100p.

HUMAN CRARACTERISTICS RELEVANT TO CONTROL ENGINEERING

Vislon—Man’s Basic Input Channel

Though, thecretically, several of the human senscs could be made to serve as infor-
mation channels through which the man could detect changes inthe stateof a controlled
4uantity, only viston and hear g have been utilized to any extent &8 primary inputs in con-
trol engireering, Furthermore, of the two senses, only vision has been employed fre-
quently This {s principally the result of the fact that only the sense of sight permits botn
the direct and accurate apprehension of geometrical spece as it extends outward beyond
Je condines of the body. This epatial quality underlies three of the following four nrop-
arties of the visual sense which aro frequently exploitedby control engireers:

Acuity - Though there-are-many different measures of viaw acuity, those most rele-
vant to continucus control and ‘racking tasks indicste that an cperator with normal eyesight
would have ne difficulty in detecting a visual error of €.3 mil real field (22). if the target
{s viewed wtrougi an cptical telescope, 2 magnification of only six power i3 nceded to
increase the visual resolution to 0.05 mil real fiedd. Although 1088 of light through the
lenges w i1l attenuste this tigure somewhat, the acuity will atill be very high for control

devices,

Form Perception - The abifity to perceive visually and react to spatial configuraticns
18 found only in higher living organisms, For certain tasks requiring iandmark or target
1ecogniiion, the seleciion and tracking of one of many targets, and.or the dirsu. tdeati-
fication of {riend or foe, there is no adequate substitute for the human eye.

invulnerahility to Confusion - As a result of the high aculty and the ability to discrim-
inate furm the visual senseisimmune to certain confusions which affect radar performance
deleteriously Whereas to the eye, an aircraft ts recognizably different from a ctoud or
ravnatorm, tias is not always so with radar,

invulnera.tlity tc Electronic Jamming - Though air:ct vision is limited to moderaze

131708 and ‘o conditions of clear daytime viatbility, itis immune to all forms of electronic
jan ming  This fealure gains importance as electronic sophistication increases on the part

of prospective foes

Human O tout

The Application of Farce - All human responses which are directlv necessary to the
functiuning of man machine vstems are brought about thiough the synargetic contraction
aud Selikaten f musoles <hed to the skel=tun 'n such a fasnion that force s appited
toone rorore contenis fhough man i3 one of the weakest of «ne Ligher animals, he can
“vera' hurared pounds of force with leg and bac< muscles [or short periods (f me

S apfay
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‘ his case more than 50 nourds of null can be applied with the arms in bursts without fear

. of over -taxing the orgarsism (23).

applications with precision than apout the iimits
available which shows that the absoiute variabslity of an operator in reproducing pressures
I with aireraft-type controls tncreases as the pressures increase from one through 40
pounds, but that the relntive variatility decreases from one through 10 pounds and there-

Lesa s known about man’s ability to graduate his force

of his strength, However, cvidence is

after remains fairly constant {1%). Inferences {rom eariy iifted-weight experiments sug-

gest that below one pouna the precision of {orce contre

. deteriorates very raplaiy (27).

! The Action of Force on Different Controls - Analyais disclcses tha different controls,

characterizations.

when acted upon by physicai force, reapond In weys which requice gifferent mathematical
Thus, if force is applicd b whatever meaas to a spring-cenare

} joystick, the angle through which the joystick i8 displaced is directly proportional to the
| magnitude of the appliied force. This i3 irue whether the restraining springs are relatively
| weak or 80 stiff that they pormit practicaily no motlon of the control, as is the case with

~ pressure loystick. With the lattsr, hawever, gain i& markedly reduced from that which

Gbtains when more motion is perittted,

i In contrast to the actior of & apring-centered control, a viscounly damped joystick
| #11t reapond to applied foree by moving with an anqular velocity proportiona! .o the mag-

f nituds of the force.
! proportional to the time integral of torce.

Th'~ means that, with this type of contro;, joystick dispiscemont is

Finaily, if the damper {8 removad, lnertla added and force applied, the joystick will
exhibit an anguies acceleration which wm be proportlonal to the magnitude o1 appiied force

1 With this controi arcangement, joystick displacement becomes proportional to the 3econd

integral of force,
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1t {2 true, then, that zero, one,or two
wntegrations can be accomplished by the
paysaica) intsraction between force and the
control, depending upon whether spring-
centering, viscous damplag, or inortia is
the dominant charactsristic of the control,
Furthermore, the gain factors can be mod-
ified by adjusting (2) the sensitivity of the
control pickolf and (o) the amount of spring-
centering in the first case, damping in the
socond, and inertia in the third, In Fig, 2
are shown th. block diagrams and equations
for the responses to applied force of the three
types of joystick,

In the equations,f, is o be taken as the
ampltiude of joystick diaplacement while 8;
represents the amplitude of the force Input
as functions of time. One dot over a term
indlcuivs the first derivative with respect
to time, a..d two dots the second derivative
of the term, The a represents a constant
which may change in value from one equaricn
to the next In Fig 2 the iilangles represent
amplifiers of adjustable gain, and the square
boxes lavelled | represent integrators,
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Foice as Man's Qutput - lutrospective analysis suggests that the hunwun regards his
own basic output as timu dispiacement, at least (or most situations, However, this cannot
uscfully be taken to be his output tu the case where the control which he 18 manipulating

1s so tightly spring-restruincd that it moves only a millimeter or two under maximal pres-
sure, Under such circumstances it is convenient to take appliea force 18 man's output.

As 2 matter of fact, it seems reasonable to take applied force as the fundameital human
output in ali woktrol systems, since, as Hick (1948) (8) and Hick and Bates (1850) {10) point
out 1n tueir importari papers, force muss be applted to every control regardless of the par-
ticwar transfer properties invoived in any one situation, Accordingly, human output will be
equated witn force throughout this report. This iz done without any necess=ary implication
that force 13 more “real” than aispiacement or that this particular way of looking at human
behavior wiil be especially productive if transferred {r.m ,wuman engineering to theoretical

psychology.

Kinesthetic Feedback - It should be pointea out that different control arrangements
not onuy integrate {orce a varying number of times, but that they also affect qualiteiively
and quantitatively tne information fed pack from the kinesthetic receptors in the tissues
of the active limb. When a pressure ;.ystick 1o being employed, the kinesthetic feedback
contains vniy information relaung to force or pressure, since nc dlsplacement is parmitted
by wis control. However, with a moving joystick, the foedback pattern contains information
about the displacement of the limb and, perhaps, even about the rate of displacement as
well ag stretch or pressure sp:clfications. This might lead on2 to conclude that control
with a pressure stick would be less accurate than with a foystick which moved,

But qui_e the opposiie conclusion has baen reached by Gibba (7) who finds pressure
control to be superior to dispuacement control. In axplanation n{ this, he adduses physi-
ological evidence to shuw that the proprioceptive {nformation avallable daring pressure
control i5 greater in amount, more rapidly conducted, and mcre directly related tc applied
tension tnan that arising from the manipulation of a displacemenrt control, It would seem,
however, thai more evidence concerning these matters is stiil required before the issue
of the absolute suporiority of one type of contrul over another can be ciosed. This matter
wili be mentioned again later {n this report.

Cantral Processes

Intermittency - Whenevaer the human is called upon to respond to some transient !n his
sensory environmeat, & period of time eiapses before any response I3 initlated Thia pause
vefore the starting of a response is called the (caction time, aud though it varies widely
{frur moment to moment, it averages around 250 milliseconds {f any “choice” 18 required.

There are several different sources of ovidence (2, 4, §, 8§, 25} which suggest wrat, =3
4 consequence of the reaction time delay and vther factors, human responae is intermittent
rather than continuous. It would seem that if any type of servo nwotor could be taken a8 an
analogue of humnan behavior, it would have to be an inter mittently sampling gervo, | stead
o1 a continuous foliower. The avallable evidence points w a periodicity In man of about
two responses per second, with a single response cycle tahlug 500 mlilisecor 's or more
and with this time falrly equaily divided between the reaction time and the uwwvement time
it appeds £ that the organism utliizes the reaction time to “urganize” the response which,
once triggered, runs off to comgpletion without direct vuluntary control,

Bendpase - It the evidence on human response intermittency 18 accepted, LU 18 puysible
to inter the highest Input freauency wnich the mau can successfully follow  Practical expe-
rie-ce tadlcates that cast [oul sampies per cjile are required to reproduce the waveform
of “he taput with s=azonable fidelity i1 tnis 15 taken as a minimal figure, it lotlows that
the human, re.ponding on an averdge ut iwice per secund, will be aoie to follow with some
Sootens frequencies no hlgher than 0 > cvele ner qecond  Of course, the lowsr fhe nput

T Ty
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fraGuency, tne morc sumpies per cycle will be obtatned, with the result that the fidelity
of reproductir.n will increase as the input frequencies drop.

Translating cycles per se-ond into radians per second, our inferences lead to the
specifi. ~*ion vf the human band, ass as the region between zero and three radians per

sacond

The Human Transfer Function - ** would e convenient for engineers {f it were pos-
sible to write an equation which would . epresent the transfer function of the human ina
man-machine system. With this transte. function available, it would then be possible, at
least theoretically, to design the remaindzr of the system to complement the man’s char-
acteristics in such & way a8 to achieve high system precision and stabllity. Accordingly,
several studies have been run in the attempt to characterize human tracking performance
in mathematical terms. Perhaps the best known of these were carried out by Phillips (11),

Tustin (24), and Raggazini (17,

Two difficulties stand in the way of obtaining any eingle useful equation representing
man’s input-output relationships, The tirst relates to the difficulty of providing an ade-
quate mathematical treatment for an intermittent system, such as the human appears to be.
Though it is possible to deal with a discontinuously sampling system in terms of nonlirear
mathematics, it is extremely awkward and tedlous to do 52 (21). It e customary, therefore,
to treat such intermittent systems in terms of the nearest Ifnear approximation. This I8
done in the hope tnat, aithough the model chossn 18 rscognized 22 being an imperfect anal-
ogy, it is =il sufficiently appropriate to be useful. In fact, all expressions of the human
transter function to date have had the fcrm of linear differential equations and, no doubt,
this practice will continue. The {inal judgment as to the {ruitfulness of thus approximating
the intermittent by means f a continuous model must await the analysis of future expert-
mental and pragmatic evidence.

But even more fundamental to the problom of writing an equation t0 express human
input-output relattonships i5 the fact that man appears to have many transfer functions.
Evidence (18) suggests that, through iearning. the human operatcr modifies his transfer
function and alters his gains to suit the control task with which he ts confronted. If the
task requires an integration, he soon starts acting as an integrator, or if differentiation
15 calied for, that aiso will be supplied. In short, the man alters his transfer properties
tn the direction of optimiz'ng the performance of the man-machine system as it {8 com-
municatud to him through the displays.

This adaptability on ine part of the man ig, of couras, a great boon to the coitrol
destgner, since he can rely upon the numai ic naka the most of any control system, no
matter how inadequate. It is this which probably constitutes the most imporuunt 5ingic
reason for using men in control loops. Yet, this very adjustability renders any specific
mathematicai expression describing human behavior in one particular control loop quite
invaitd for ~nother man-machine arrangement. This suggesis strongly that “the human
transfer function” 18 a scientific ignis fetuus which can lure the control system designer
into 2 frustiess and interminable quest.

It would be batter to recogiize man's propensity for adaptation and to consider whether
the human operator 18 equally precise when he 2dopts one transfer function as when ha
assumes different transmissi.n properties. If it should tutn out that this ts not the case,
it wonid then seem desitable to design the norhuman elements of the control system £ as
to use the ma. ta the role in which he is most competent.

Unfortunately, no direct sclentific evidence is availasle to furnish guidance In this
matter However, smpirical observations suggest that there are wide vartations in man’s
2bility to satisfv different equations and *hat, speaking matnematically, he is best when
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dolag east. It becomes, therefore, 2 fundamental assumption of this paper that the more
complex the huinii 1ask, the less preciss and Lie more variable becomes the man.! it s
assumed that, within Umits, the higher the number of integravions and/cr differentiations
required of the man the poorer will he perform. Conversely, it is hypothesized that the
more the hurnan onsrator {s freed from the tasks of integration and differentiation the more
regular and precise wiil become the human output. Hur:an control behavior, it is asserted,
reaches the optimum when the man becomes the analogue of 2 simple amplifier as shown

in the following equation:
Bp (t+r) =8 (t) (1)

where t represents s value in time, and v equals the human reaction tims,

A EASIC PRINCIPLE OF CONTROL DESIGN

In contrast to the poor performance of complex tasks hypothesized for the human
operator is the fact that rachines can be built to perform intricate computetions with
remarkably high precision and low variability, It is true that stability and accuracy are
not obtainad without effor., but for such tasks as double or triple integration and/or dif-
fcrantiation it seems unquestionable that electronic or mechanical components canbe made

to be more precise and repeatable tha . man.

If this is che case, and if precisior. 18 required, 't follows that when a2 man-machine
system must integrate, differentiate, or perform other higher-srder computations, these
should be supplied by the nonhuman components of the system whenever possible, Tais is
tantamount to saying that the human should te required {0 do no more than nperate as a
simple ampiifier. Broadening this somewnat, adding to it a statement as to human band-
width, and phraaing it as a general design principle, the following emerges: Design the
an-machine ystem so that {1) the bandpass required of the man never exceads three
radians second and (2) the transt ctio of the

1s, mathematically,
un%u 28 slmple 28 possible, and, wherever practicabie, no more compisx than thatof a
simple amplifier.

The remainer of this paper will consist of illustrations of ways of utiliging thie prin-
ciple, together  th explanations of its efficacy in human engineering terms. However,
two matters require genaral comr ment at this early point in the discussion, Firat of all,

{t i8 easentia( to describe a basic condition which must be observed if the ultimate intent
of the design principle is to bs achieve:, Second, it is necessary to anawer the obvicus
question of why, after aesigning ihe s7atsm =o that only amplification s required of the
maa, ono should not take the final step of dispensing with him ontirely by substituting an
aztus! amnlifier in his nlace.

As8 to the tirat, In order to obtain optimum performancs from the control system, it is
necesrery, not only to design the system so that ampiification is all that is required of the
operator, but it {8 2180 necessary to insure that the operator adopts this, and no other,
mode of response. It appears thet when placed tn 2 control loop, the human goes through
a trizl-and-e1vor process wherein he varies his transfer function until he achleves a con-
dition of m*aimum av-rage error as it is reflected to him vta the dlaplay. It follows from
this ti-at to insure the adoption by the operator of 2 mede of action equivalent ‘o simple

“This assumption and all others to be stated 1 Part | of this report are made in rela.
stemns ~mploying “cumpensatory” type displays s.inc/ taese
are used nrenonderantly 1n praclical MAL-MAcAING $vstema 1t s anticipated thit rome of

*these assumplrions wili require ¢laborstion wher they a1¢ applied o systems such as may
o maton the pornter Y disnisy can e

tion to tracking and cont-e

Se orsteL ted flr mbuaATL Y nse wre 44 D .
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amplification, it is necessary to s0 design the noiliuwan components that the cperator will
arhieve minimum error at the display when he acts as an amplifler, If, through {nadvogt-
ence, the design of the cort~oi loop vermits the operator J reduce the Jdsplayed error
more by act.ng 4s an integrawr, differentiator, or 4 combination of one os more of these
than as an amplifter, then, most certainly, he wili do so.

In regard to the question of why the design principlc does not lead logically to employ-
irg an amplifier to supercede the man, cne can only say that it does lead to precisely
that—wheneve- it is feasibie. Under some circumstances the best man-machine sy, em
design will demand the removal of the human from the system, But in many other circum-
stances it would be impractical to automatize completely.

For example, in cases where the op2iator tracks targets optically, s removal would
require the substitution of radar, Infrared, or scrne oiber electrenic sensing mechanism.
In other situations, even though it might be quite possible tu  emove the man from the
coatrol loop, it wouid be deemed {nadvisable to do 8o for safety :easuns. It can be argued
that whenever a man must be present as a moniior he should be used as a cuntroller so as
1o make unnecessary the extra cost, added weight, and increased maintenance load which
complete automatization would entail.

Finally, in many situations, it is not foasible t simplify the operator’s task to the
polnt of requiring of him only simple amplification. In sime systems the man 15 used
precisely because he can do more In a tracking loop than ampiify. In these circumstances
it would be self-defea*ing t- attemyt to carry the simpliffcation process too far. Thiz
would be true, for exam, 15, in the cass of handiebar «racking systems which utilize the mar,
no* only »8 an error detector and analogue computer, bt as the power ditves as well In
such czses, complete redesign of the system would be required if one sought to supplant
the human element extirely. In these cases, one must be satisfied with the more modest,
yet still very appreciable, improvemants to be
brought about through task simpiifications wiich
stop short of the ultimate.

APPLICATION CF THF. PRINCIPLE TO THE
DESIGN OT' MANUAL TRACKING SYSTEMS

The simplest, practical tracking system known
which can be made to follow with precision 2
constant velocity ‘nput is represented in Fig. 3A. 2
In t'u- figare the cltcles containing crosses rep-
resent mechanical or electricai dilferentiais which
add a:gebraically. The system ls shown to consist
of two cascaded integrat~rs with feed-forward
loops around both, Path ¢ represents the position
componsnt; path b, the velocitr component; and
path «, the acceleration component.

Figure 3 - Three equivalent
follca up systrms

2, ctually, the position pathway 18 not requirca for stapility if there 18 no fime lag in
'he system .t can be shown practically, huwever, tuat .he position component 1a ~equired
tov etability if thery 13 a tirre delay in the syatem of the order ol the human ~eaction ime
Sirce *he argumes . hich will be made reguires the transfer preperies ol the tracking
« atem to be ¢ tuciently general to peimit the human (o be a part ~{ the tra.king loop, the
s1a0n comp  *at must be included All statements concerning ttabinty dre to he reaq
APl Tunsy ratics 1 omand

|
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The transfer properties of the part of the system enclosed within the broken line are
expressec in the following equation:

§°=a914bé(0c51 (2)
This is the "open loop” equation for the system.

Figures 3B and 3C represent alternative ways of achicving the same input-output rela-
tionships obtaining in 3A. In both of these figures the process of gifferentiation 18 sym-
bolized by a square tox cuntuining the ratio d/dt. In Fig. 3B, the output of the {irst inte-
grator is the rate component, while position i3 obtained by differentiating this rate. In
Fig. 3C, a doubie differentiation of the double Integration provides the compone=t of posi-
tion, while rate is obtained by diffeFemttating-only once the output of the two cascaded inte-
grators. Other ways of structuring the block disgram will be apparent, but these will suf-
fice for the purpoges of this paper. '

To achieve stability with any one of the three rquivalent devices shown in Flg. 3, care
must be exercised in properly adjusting the gains of the three pathways. A slight error in
setting, 1f it ware !n the right direction would cause the tracking device to become prone
to oscillation, and the totrl rer.oval of the poaition and velocity pathways would result in
pronounced instabllity.

On the other hand, the removal of the integrators would result in a lag error. If only
one integrator was removed, a constant lag error won'd result, which would be proportional
in amplitude to the input velocity. If both integzators were removed, the tracking device
would exhibit a lag error which would change in amplitude at a custant rate proportional
to tuput veiocity. Obviously, none of these conditions ‘s tolerable in a tracking device,

The transfer properties of the tracking system described above are general, in the
sens~ that they do not apecify the precise nature of the mechanisms accomplishing the var-
ious {unctions, Thus, the integrations and feed-forwards required may be performed
mechanically, electronically, or even through human behavior. Furthermere, there is
nothing to prevent certa.n of the fur.ctions being carried out (say) mechanically while the
remainder are supplied by the hehavior of the mar.

Such a situation is diagrammed ir Fig. 4. The biock dlagram represents the human
sperator as responding to dizplayed error through the movement of a damped foystick, The
figure shows the compiete system as consisting of three basic parts—the man, the control,
and the mechaniem. In the diagram, the damped joystick control is shown as acting as a
singie integrator in accordance with the earlier discussion. The box in the diagram labeled
MECHANISM is represented as perfurming no function other than amp.dtication.

by
¥

CONTROL MECHANISM

{OANPLL JOTBTICK) i
|
|

|
|

o §

I - I
o

—_—

Figere 4 Tracking system with a
e mped ) ystick control and no aiwding
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I it 1s assumed that the input-output relationship of the man-operated system ‘s a
close statistical approximation of that represented in Fig. 3, and if the control element and
mechanism element together provide only the function of one integration, if {follows that the
tunctions of the secound integration ana the two feed-forward loops must be supplied by the
man, Consequently, in Fig. 4 the man is shown as acting analogously to a differestiator,
an amplfier, an integrator, and iwo zlgebraic adders, all in combination. The square box
labeled T is included in the {f jure as a representation of the human reaction t'me,

From what has gone before, 1 would be predicted tnat ths precision of the tracking
system would Le enhanced if the operator were relieved of the necessity of acting in such
a complex fashion. Furthermore, it has been hypothesized that the tracking would be
tmproved most if the man were required to act only as a simpie amplifier.

One might accomplizh this, leaving the control unchanged, by .«ntroducing circuitry into
the mechanism which would carry out the requi:ed integraiions, differentiations, and fesd-
forwaras. If this were done, it would be expacted that the operatos would adfust rapidly
to the changed requirements by simplifying his mode of action to a level analogous to sim-
pia amplification. All this {s tantamount to interchunging the functions of the man and ths
mechanism as represented in the diagram. In Fig. 5 this interchang- has becen accomplished.

MAH CONTRCL. MECH sM
{(OAMIED JGTETIOK}

VR TAOE

ouTrUY
VOLTAGE

1
okl o {7 o

Figure 5 - Tracking system with a damped joystick
control and perfect aiding

Atded Tracking

Alding with Different Types of Controls - Though io direct test of this system design
is known ever to have been made, it Is interesting to note that an arrangement otherwise
identical to that shown {n Fig. 5, with the exceptior that the derivative term 18 not included,
has been used for many years in gun fire controi devices under tne name 2f “ rate aiding.”
Much experimental and pragmatic evidence exists to indicate that alding of this type
{mproves tracking considerably. Tests will be run in the future to check the additiona:
improvencnt predicted to ocuur when th> derivative term is added to the aiding circuitry.

At least In theory, it is quite possible to restructure tne tracking system for the use
of contrals other than a damped jovatick and still perimit the buman operator o perform
4s a simpie amplifier However, to 40 this, it {s necessary to alter the circuitry within the
mechanism each time the cortrol {s changed tn such a fashion as to hold co stant the ove: -
wi transfer functior  both elements acting in combination. Thus, tn Fig. 8 ma, be seen
the block diagram of the tracking system arranged {or an undamped, nigh mertt joystick,
while Fig - disoiays the system desigr '¢ with a pres ture loystick as the cnerator’s control

s saown g Fig, 6 that the twa une go attons are snpplied by the action of icree on the

sigh nertia ~ontral whaereas the mecrariem 1o reprosented as supplving -ta%ilization
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MAR WMECHANISM

CONTROL.
(IRERTIAL JOYSTXY}

e
OUTPUY
, VOLTAGE

%mgm—m—b - -

Figure 6 - Tracking ayetem with an nertial joystick
and perfect aiding

MAN CONTROL | MICHANIEM

{

Figure 7 - Tracking system with a pressure joystick
snd perfect aiding

EL\% o

tnrough two feed-forward loops supplylng position and velocity components to the final
output. ®Perfect” alding in thiz cage is obtained through cascading properly two differsn-
tlating clrcuits anaa simple amplifier.

Quite differant from this is the case in Fig. 7 wherein the tracking control in a pres-
sure joysticx, With such a system, the action of force upon the control introducus nc inte-
grationg, with t' - result that integraiors must be inserted, along with feed-forward loops,
within the mechantsin, Thus, it should be clear that the circult requirements for * perfect”
aiding vary with the nature of the manual control in uss, and that discusetons of aided
tracxing become fuily meaningful only whan the nature of the contrel is specified.

Although, reasoning mathematicaily, there 18 nothing to permit a cholce among the
systems shown tn Figs. 5, 6, and 7, aince they are all equivalent, it {3 1o be expected that
some diffcrences will emerge under test. Such diffzrences might be expected to arise from
the diffes ent kinesthetic patterns set up by the zppucation o7 torce to the three different
controis, though at present It le not possibie tu guess which arrangement would be superior.
The reasoning underlying the basic prirciple enunciated earlier in thls report, would lead
only to the assertion that all three of the aystems would t more prect se than any nther
arrangements which required more of the man than simple amplification.

The Alding Required to Track Maneuvering Targeta - Up to now. the discussion has

involved manually cperated wracking systen.s disigned to follow corstant velocity courses,
One 1s naturally led to sunder wnati recommendations lan b made concernlng the design
2ontro! systems (ntendsc 10 be used against targets maneuvering realistizally. Such
arget courses contain imporiant amounts ! acceleration and rate of change Lf

a
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ratio of 1 to 2 to 8 proved to be slightly superior to the predicted optimum. This single
discrepancy is not at all surprising in view cf the multiplic‘ty of factors involved in dater-
mining optimum time constants of this variety.

possible togive a very general statement of what {s zccomplished when the sensitivity
values of the various components are proportioned correctly. It appears that the proper
aiding constants for any manually operated control sysiem are such that the correction of
the pasition error simujtzneously reduces to zero any concommitant errors in rate, accef-
eration, or the higher derivatives. When such a condition prevails. continuously surtained
actions are reade unnecessary and «.¢ man can track accurately by acting as 2 simple

ampiifier,

It 18 true, of course, that since humsan reaction time varies from person to person and
{roms moment to moment, the best alding ratios ace carrect only on the average. This
means that the operator will be free to act as an amplifier only in a statistical or average
sense. To the extent that the man samples irregularly rather than periodically, it will be
necessary for um .. add to his tasic process of amplification—-at one time, intcgrativa,
at another, differeatiation. Kowever, it 1s assumed that on the average, the transfer fwic-
tion of the adapt tracker will approximate that of a simpie ampiifier ii the sensitivities of
the various ieed-forward i00ps are adjusted properly,

The Relative Difficulty of ssntal Integration and Ditferentiation

tip to now, no mention has been made of tha reliative difficulties to the hurasn opgrator
of parforming the psychological processes which are analogues of integration, differen-
tiation, feed-forward, and algabralc addivon, It has only been asserted that ail of these .
msntal functions are difficuit, and that stepa should be taken to relieve the opsrator of the
noed for performing as many of them as poasible. It would be highly deairable if, in addi. L
tion to the basic deaign principle, it were possible to present quantitative information
about the increass (n variability and reduction in prectsion expected to occur as tho men
takes on additional snalogue integrations or diiferentiations. If such information woro avall-
able, the control ergineer would have a basis {or determining the amount of improvement
which could be expsctad from altering the design in a certain fashion, Furthermore, if
circumatances prevented him trom attaining tho ultimate siraplification of the operator’s
task, he wouid be able to choose the best posaibls compromise,

Ualortunately, only the most indirect evidence exists as to the man’s 1elative and
aosiute ability to perform different analogue mathematical processes. One exampls of
the kind of avidanca wma: iz available concorns the relative precision of the human when
performing maental tasks analogous to inisgroticn and differsntiation. The evidsnce is pro-
vided by two aimilar tracking studies. one done in England by Gibbs and Clutton-Baker (8),
and one by BirmingP m at the Naval Research Laboraicry (3). In icth of these experiments,
tracking accuracy with a prevsure joystick was compared to that obtained with a dumped
foystick. The two studles agreea in finding that the pressure stick was supsrior to the

dumped controi.

The most important difference between the two exporiments involved the circuitr,
tnterposed between the control and the display. In Glbbe study a single integrator was
employed in the mechanism to provide * rate * tracking with both the pressure stick and the
displacement control, In *“e¢ NRL study, both joysticks were utilized with “acceleration
alding” circuitry. Ir F1y o the two tracking systems tested at NRL are shown in block

dlagrams.
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acceleration and perhaps even higher terms. Certainly, the tracking syatems outlined

above would have to be modified to handle adequately such inputs. However, it 18 belleved

that the reasoning remains the same regardless of the nature of the input. In order to make
the system, previousiy discussed, .dequate for tracaing courses containing higher derivatives,
it 18 thought neceasary to modify tham only to thy axtent =f inzeréing additional integrators

with feed-forward loops arouna them and properly adjusting the gains,

Thougn no rule is available to indicaic precizely how many {ntegrators, with asso-
clated feed-forw.rd loopn, should be employed for courses of different characteristics, it
18 thought that little or no unprovement would result from we addition of more than four
or five. Searie 116) found a definite improvament in system performance when two inte-
grations rather than one were incorporated in an aided tracking circuit. Since he employsd
a damped joystick, the total number of integrationsz taking place between the hand and the
Sysiem output were three in the cuse of the best arrangement, and two iur the other, Unfor-
tunately, neither he nor anyune else har reported systematic tests of aiding arrangemon _
{ncorporating more than three integrations,

The controi designer’s task of chonsing ths proper number of integrations, with ~sso-
ciated {eed-forward loops, is made less critical by the fact that if more integrations ure
provided than are needed at any moment, the superfluous integrations do no harm as long
a8 stablitty and transient probleras have been handied adequataly, The unnecessary inte-
grating devices merely fail to contribute significantly to the output under these circum-
stances and, thus, at worst, only 8 wuste of circuitry is invol,sed. Because of this, it wouid
seem prudent to build sidsd tra king systems which are intendad to handle a variety of
inputs with a suff.cient number of witegrating circuits to provide for the mcre complex tar-
get courses axpacted. By th.s means, maxizium racking prscision will be assured at all
mss regardleas of the complexity of the tracking task,

Al;_q:_x_g Ratios - It has been pointed out that the purpose of aided tracking is to remove
from the operaior the burdan of integration, differentiation, fead-forward. and analogus
addidon ana multipifcaticn, and to permit him to opsrate as a simple amplifier. To approach
this ideul a3 closely as possibis, itis necessary, not only to inseri the proper components
into the mechanism, but also to adjust the varicus gains corractly.

It i3 knowm that the cptimum relationship between the gains of ths various feed-forward
toops varies with the time delays in tae system and with the nur ~r of components being
combined Bacause of this, teats of the optimum “time constant® { position sensltavity
divided by rate sensitivity) give values which vary from 0.38 to 5.0 seconds {iJj. It appears,
however, that for continuous tracking tasks vhere tha loop is tight and where the display ia
such as to permit {ine resolution, the optimum time consatant les betwean 0.3 and 0.5 sacond.

A8 to time constants for discoutiaucus tracking (asks, Me..nler, Russell, and Preston
(14) developed an equation for the optimum aiding ratid to be used with PPI presentat.ons
where the targe! appears .ntermitteatly. They c.acluded that tho optimum time constant
fn such use always cqualied the numcer of seconds between * paints”® on the raJ.r sreen
They atso pointed out that their result wus conslstoni with a time constant of auvout e &7
second {or continuvus tracking if the man !s assumed to respond intermittently at inter-
vals o1 0.5 second.

Sezar ¢ {19}, 1ssuming that the addition of an acceleration componsnt to position and
rate would im /¢ systen performance {ur .ontinuous tracking tasks, undertook 4 seiies
A tests of alaed tracking. Accepting the assuraption uf intermlitteat sampiing by the oper-
ator at a frequercy of two , or second, and carryirg over the reasoning of Mechler, Russell,
and Preston W iaclude acceleration, Searle predicted that the uptitnum ratios of component
seasitivities wouid be 1 to 4 to 8 {or pousition, rate, and accelerat! ;n, regpectiveiy Thle
prediction was eonfirmed in two of thrae experiuenta which he ran. In a third test an aiding
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MAN coNTReL. |
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8 PRESSURE JOYSTICX

Figure 8 . Flow charts showing the different human tasks
posea oy a samped Joystick and & pressure control

In these diagrams, it is assumed that three integrativns with ussoclated feed-forward
loops are required in order for the whole system to function adequately. This is not a criti- '
cal assumtpion, however, for ihe argument {0 b preaented §s the same no matter how ;
many integrators. bevond two, are needed. It s apparent from Fig. 8 that the man is '
required to act as a simple amplifier and a differ~ntiator when tracking with the damped
joystick, whereas he must act analogously to an integrator plus a aimple ampliiier when
using the pressure joyai.ck, Thus, with either system, tha operator is called on to per-
form twu nrental tasks, with one of them —~amplification—~being common to the two situ-
ations, and with the second task oeing differentiation I one case and integration in the
other,

in the British study, the human operator was required to act in ¥ more complex fash-
1R With botn uwe Jressure joystick and the damped control, H-wever, in this experiment
itke that o! NRL, the only differsnce in Jhe uperator’s mental activity in the two tracking
systems was that when tracking with wne pressure stick, In addition to other mental tasks,
he was required to 2.t iltke an integrator, whereas with the damped joystick system, the
task of differentiation was substituted {or that of integration,

Since woth studies agreed In shuwing thai the system was more precise with the prezs-
sure control than with the damped joysiiuk, It may follow that the human is able to carry out
aralogue integration better than analogue differentiatlon, However, since tne two tasks
cumpared in the studies differed, rut only in regard to the analogue cumputation required,
but also, as Gibbs {7) polnts out, in respect ‘' the nature of the kinesthe.i: {eedback pzt-
terns evoked in applying force to the juysticks, any concluslon from the resuits mus’ pe
regarded as highly tentative. Only when a comparlson of the human’s proficiency in nte~
graiiug ana aterentiating s run in an uncontaminated test, .an a .onclusion be reached
which is vetter tFan a.  .1ormec guess,
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APPLICATION OF THE PRINCIPLE TO THE DESIGN OF
SPECIAL CONTROL SYSTEM DISPLAYS

Unburdening and Quickenmng

An analysis cf the manner in which aiding enhances system perforinance uncovers
two nrocesses which act simultaneously but in quite different ways to simplify the human
operator’s task and to better system operation. One of these has the effect of relleving
the man o1 the necessity of applying force continuously ¢ in some time-sequenced pat-
tern. In the systems discussed, reltef has been provided by inserting integrators ia the
mechanical pertions of the system. Thiz process of easing tue human’s task by reducing
the required effort may be termed “unburdening,” since it has this effect on the man,
Because in some practical instances, unburdening is accomplished by regenerative cor -
puters considerably more complex than sumple inlegrators, the term appears to be generic
and to apply in many situations not hitherto discus: »d

A secona process, of equal importance, may also be distinguished as contributing to
the enhancement of system performzance brought about through aiding. This process may
be termed “quickening,” since one of its effects is to pro~ide the operator with immediate
knowledge of the results of his own actions, In aiding, quickening is accomplishad by feed-
forward loops which add positiun, rate, and other necessary higher components to the out-
put of the integrators which are performing the unburdening operaticn Since the system
output is continuoualy fed back and displayed to the operaior, he i{s made instantanecusly
aware of the early effects of his own actions {f quickening is adequate,

In the tracking systems ¢iscussed up to now the two processsas complement cns another,
with unburdering making it unnecessary for the operator to rupply integrations, and with
quickening reileving the human of the neceasity of diiferentiating, Both processss mello-
rate system precision, the former by reducing human offort ant! ramoving lag errors, the
latter by providing stability.

In all of the systems met with so far, unburdening and quickening have a direct effect
on the system output as well 2s a secondary, Indirect sffect resulting from the operator’s
responses to these changes. Though it would seem: that the very nature of unburdening was
such that it coula not be achieved without direct modification of the output, this is not true
of quickening. In certair circumatances the latter can be accomplished through altering
the nature of the inforraation fed back and displayed to the man, without changing in any
direct fashion the output of the system. Thisfactis extremely tmportant since It means
that the benefits of quickening can be achleved even in those systems ‘rhere, for ono reason
or another, the output i< inkccessible to direct manipulation. Thus, in such man-machine
controf systems as those cf ships and airplanes, where the cutputs gre determined in lurge
par o, immutable bydrodynamic or aerodynamic {orce relationships, enhanced stabiilty
and precision are stili attainable through the quickeni.ig of the information displayed to the
auman operator. This corresponds closely to the use of Lertain types of equalization net~
works to scabilize fu'ly automatic systems in simailar situations,

A Quickened Display

An example of a case requiring dispiay gaicker'ng is provided by a control system
block dtagrammed in Fig. 3. Ihis device ir intended to operate on a course input which
consists only of step function posiiton changes, 50 spaced that the {ull correctinn of any
one step may de achleved be.c. . the next requires action, The time constants of the four
Integrators are long, and this, coupled with the fact that the integrators shift the plose of
the Input through 360 degrees, causes the system to be quite unstable,
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Figure 9 - A control system requiring quickening

CONTROL AND
MECHANIZY
v
INPUT MAN T 7 PUT

®igure 10 - Thecontroi system with quickening taking effect onoutput

The quickening of this device presents an intriguing problem since the obvious eolu-
tion diagrammed in Fig. 10 ia ruled out by circumstances which prevent making changes
which aifect direcuy the output of the contrul system. The problem may be solved, how-
ever, by picking off the components of position, rate, 2cceleration, and the first derivative
of acceie: wuun, amplifying them properly and adding them algebraically In the feedback
loop going to the display (Fig. 18. Tha display may take the form of a doudle -pointer dial,
with one pointer . esponding to ordered input and with tne other being cuntrolled by the
quickened feeavack. With this arrangement, the man has only to Jpzrate his control so that
the follow-up po' .«r matches the input pointer at all times Tests run wit, Such a device
aave sndicated tra, instability may be completely ellininated by this means of qulckening.

Two other sxampies of quickened displays simiiar o this «re provided in aireraft
instrument developments, The {irst, and probably the best known, example of display
qulckening is furnished by an instrument known as ‘The Sperry Zero Reade; (13, 15).
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Figure !l - The control systzm with quickening
taking effect on display
INPUT CONTROL OUTPUT
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AND
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Figure 12 - A control system with {ilter in loop

The other example is the “ Instrumert Approach System Steering Computer” described by
Anderson and Fritze \!} Both of these developments incorporate circuits which effect

a partial tightening of the loop around tt 5 pllot by giving him more immediate knowledge
of the results of his responses.

Quickening a Filtered Display

The {nsertion of a filter irto a control loop often results in system instability A track-
ing system degraded in thia fashion is pictured in Fig. 12. In this dlagram, the filter 1s
shown a8 taking effect on error, which in this case, is the algebraic sum of the input and
the output., Tests of such a tracking system show that, with moderate or long time cou:stants
of the filter, the output tends 10 osclllate. This is the result of the fact that the operator
perpetuallyover - andundershcots in his corrections, since the filter distorts and delays
tnformation about the effects of his own behavior. Quickening is required to overcome this
lag between what the man aces and what he sees himself do.

To expiain the wneins whereby this quickening can be accomglished, it i3 {irst neces-
sary w rearaw the block diagram to show a system madhematically equivalent 10 that dia-
grammud in Fig. 12, Tu the restructured dlagram. Fig. 13, the single filter has been
removed and two {titers, o dentical with the riginal, have “eun suostiturea. With one
of thege acting directly upon the tnput and with t - other {i!tering the fed back outpu., the
wransfer cnaracteristics of the restructured system are identical with those of the original,
~aown i1 Fig 12 The oniv difference between the two arrangements 1s wat ticering of the
‘nput and fed ba.k cutput o.cursafter they are added together. inthe anacase andbifore
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Figure 13 - Filtering equivalent to that shown inFigure 12
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Figure 14 « The introductionofa
ntary {ilter in the feedback loop

AND
MECHANIIM

Figure '5 - The effect of tac filtering
shown in Figure 14

To quicken the system as it is represented in Fig. 131t I8 necessary (o nulli{y the
effect of the filter in the feedback loop. This can be done by Inserting a complementary
filter {n a loop around the original filter as in Fig. 14, If this complementary {ilter *as
 mbolized as 1-F, where F is the characteristic
fiiters, the effect will be to remove all filtering from the ted bacx 2utput, The eystem
m2y now be pictured as having the functions snown in Fig. 15. The quickening is perfect,
and the operator 18 given immed!ate knowledge of the results of his actions.
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However, though the quickening has Improved the response characteristics of the
systzm as far as the human’s tracking is concerned, in this instance it has aiszo introduced
a sizeable dynamic error into the man-machine system output. This can be seen by refer-
-ing to F.g. 18, and comparing the system input with the system output. The sinusoids
appearing at various places in this {igure symbolize the respcnge of the system at these
points to the input frequencies. The high frauency “noise” superimposed on the basic
low 1requency component in ¢ and d is generats J by the human attempting to maintain zero

ervor,}

The system outpuc (¢} differs frcm the system input (a) in amplitude and phase because
the fed back system output (d) does not match the Input, U t rather the input aiter fiitering
{p). To overcome this attenuation and phase shift and, at the same time, to permit quick-
ening, it i3 sumehow necessary to cause the low frequenciasa to be filtered in the Z2adback
as well 23 in the Input and, yet, to let ths operator’s high freq y currection motions
come through unfilterad. This can be done by adding to the 1-F circuit of Fig. 14 an appro-
priate high-pass, “antibias” {ilter as shown in Fig. 17. When this is done, the tracker’s
nign {requency corrective responser pass through the filler combination in the fecchack
1oop and are displayed essentially unmodified. However, the low targst coursa frequencles
are prevented by the antibias filter from passing through the 1-F circuit, though they do
pass through F, and are thereby attonvated and delayed by an amount equal to that achleved
by F acting on the input. This le to say that with respect to the low target frequencies, the
system shown in Fig. 17 18 similar to the systems represented in Figs. 12 and 13, in that
no blas de slops. On the other nand, with respect to the human’s high tracking {requen-
cles, the system of Fig. 17 is similar to that shown in Figs. 14 and 15, in that the opera-
tor recelves immediate indication of his corrections.

Figure 16 - Output bias resulting from
complementary filtering
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“1gure 17 - Apantibias network combined

I3 ies with a complementary hilter

3

For reasons of simplicity and ciarity the sinusoids "<Ppresenung svatem rraponse
re pictared as differing only tn arrplitads  Inactualit  the phase shifts which are or-
related watn attenuat o9n are ol paramoust (ugortinee n the development of tne bias
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In this way, by combining complementary and antibias filters, quickening is achieved
and stability is obtained without introducing a degrading blas, The conjoint use of these
two types of filier 18 sometimes termed “treatment.” Figure 18 is operationally equiv-
alent to Fig. 17 and shows tne treatment circuits applied to the system as it was originally

dlagrammed in Fig. 12.

A stmulator was set up at NRL to act as an analogue of thi3 systems. Human operators
tracked & sinusoldal course with the device and the system output was recorded. Three
conditions were compared. In one-third of the trials the operators tracked with no filters
and no treatment circuits in the system (Condition i). Another third of the trials were run
with the filter {n, tur with no treatment (Condition 2), This condition i< represented In
Fig. 13. The remainder of the trials were run with the filter in and with trestment alsc
incorporsted in the system (Condition 3). The resul‘s of this experiment are shown in
Fig. 19, It 18 clear that the quickening procuced by treatment was efficacious in reducing
the tracking avror almost t~ the level obtalning in Condition |, Thuz, ths degrading offecws
of the original filter are almost compietely remcved by the treatmem netwirks.

An analysis of the coutrol system described earllier and diagrammaed in Figs, 9, 10,
ard 11 indicares that had the input to the system beon anything other than a series of step
function position changes, an antiblas neiwork would have been required when the quickening
was performed as in Fig. 11. In fact, it 18 probably true that most efforic to quicken a
display without affecting the system output directly will result in a system bias unless
some form of antibias network 1a included in the quickening circuitry, At present, the
design of these antibias circuits i3 a relatively undeveloped, out highly promising  1d,

contraL | ouresr
s |

Figure 18 - An antibias network combined
with a complementury [:lter a3 actually
applied

Figure 19 - The effect of filtering and
treatment upon track.ng error
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PART 2

A STIMULUS-RESPONSE ANALYSIS OF THE
SIMPLIFICATION PRINCIPLE

STIMULUS-RESPONSE INTEGRITY

In the first part of th! « report, a human engineering principle of control design was
stated 1ind cxplained. The principie asserted that mnan-machine continuous control systems
should be designed so that the task ot the operator is as simple, mathematically, as pos-
sible, and whenever feasible, no more complex than that of analogue amp:ification. Thig
principle follows from the assumption that the simpler the methematical characterization
of his task, the more precise and the less variable becomes the operator.

it is 1ecognized that there {8 very iittie experimenui evidence yet avaliable to support
this zssumption and, certainly, it cannot be held that the supposition 1s self-obvious on
logical grounds. Yet, it is believed that the assumption reats on a basis more solid than
pure speculation, It is the major purpose of the second part of this report to attempt to
show that the design principle itself and the conjectures upon which it is based are entirely
in accord with the relevant facts of psychology. Toward this ond, a start may be made
by discussing the process of amp ification and describing the stimulus-response relation-
ships that prevail when the design principle has been followed to the end.

With a aimple, linear amplifier the amplitude of the output is directly proportiona: to
the amplitude of the {nput. More or less the same relationship will hold for a human act-
ing analogously to an amplifier in a control system. If it is assumed that force s the human
output and that the direction and araplitude of the visual error is the input, then, were the
man to act as 1 simple amplifier, he would holc force at all times proportional to the mag-

nitude of the visual misalignment.

That he cannot do this, however, in any strict sense is attested to by consldsrable
evidence, cited ear.ler, indlcating that the human is an intermittent rather than a continu-
ou3 resnoxder. As has heen suggested before, it seems reasonable to suppose that the
operato: of a system responds to the visual error now and then rather than all the time,

and further, that once a response 's under way, it runs its course unguided by visual events,

But this, In no way, irvalidates the Jesign principle nor alters the general proportion-
ality between the amplitude of the visual error input and the man's force nutput, when he
o.rforms 28 an amplificr, The intermittency sets a imit to the operator’s bandwidth and
reduces the proportionality of his input-output relatlonships {rom strict to approximate
Except for this, however, human intermittency requires no modificatior in the basic thesis
of this report.

The translation of the procegs of amplification into stimulus-response terms begins by
tdentifying \he direction and amplitude of the visual error as the primary stimulus for
analoguc amplification and the force output of the man 2 the response Wi stimulus and
response ihus denoted, it may f.rther be pointed out that n those situations where the man
3 free to act as an ampltfier, an invariant and proportional relationship will be {ound to
exist between the primary stimuius and the required respunse This is {C say that the
informatien contained tn the instanlaneous amphtude value of the _timulus is sufflcient to
specifv completety the t«sponse which will reduce that value to zero.

At first glance, this condition, which ¥l be 1eterred O from now en as *stimulus-
response 1rtegrity.” anpears to be entirely commenplace and hardly woriby uf note, not to
menton rame  Yet, the sccurrenrce ot the state 1s far mure rare than vne nught suppose,
Ao 1 matter of £t L can be deraonstrated that this one-tc - 1ne reliuonship betwees
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stimulus and response hoids for no control arrangeraent, whatsoever, other than one cull-
tng for analogue amplificat'on on the part of the operator, in every ntiher case the human’s
task is mathematically more complex and the operator must take something into account
other than the ampiltude of the visual error. In some situations the man must try to mod~
Afy his response to the visual signal in terms of his memory of the way the error has been
changing in the past. At o.her times he must vary his response to the visual error depend-
ing upon information supplied by kinesthetic {feedback. Bul inn a]l cases, except those call-
ing for the mathematically simplest operator task, the correlation between the response
and the amplitude of the primary stimuius 18 low, since the human output is a function of
several stimuius dimensions rather than only one.

It was pointed out earlier in the report that two different processes were involved In
simplifying the human’s role in a contrcl system. One of these (unburdening) involved
supplying mechanical or electronic aids which would relieve the man of the necessity of
applying force continuously over extended periods of time, The other (quickening) consisted
of giving the operator immediate knowledge of the rezults of his own actions. Wher beth
of these processes are cavricd to compietion, the goal of the dealgn priuciple is achieved,
and only simple amplification is required of the human operator. However, less than com-
plete unburdening and quickening resalts in cocnditions where the man must perform tasks
which are mathematically more complex than amplification. It is convenient, therofore,
to organize the ensuing discussion around these two processcs and to make the effort to
show how thev relal. to stimulus-response integrity.

Ivcomplete Unburdening

Let it bc assumed that the operator oi a man-machine control systein is responding by
applying force to a pressure stick in response to a tracking error presented on a visual
display. Il the unburdering is inadequate, i.e., if an insufficient nuniber of integrators are
included in the system mechanism, the man will be required to apply iorce coniinuously for
varying periods of time 1 order to track the target. Furthsrmore, it will be {Sund that,
undar these conditions, the amount of force and the direction in which it must be applied
bears no constant relationship to the direction and amplitude of the error as it is displayed,

Thus, if the operator must supply one integration In order to track (say) a constant
velocity target moving from lfeft to right, he will be appiying a constant force in such 2
direction as to counter the steady input when the amplitude of the displayed error is zero.
This 13 to say thut the man must emit a sustained output with the input at zero. I the
vourse |8 supplied in the opposite direction, then this time, tne operator will achieve a 2ero
error by applying force in the opposite direction, Finally, if the course input is removed,
the visual ¢rror wilt new reduce 0 zZero when the man applies no force to his control.

it s clear from this that the same visuil stimulus (zero error) calls for a response
worce output! In one diraction at one time, the opposite direction at another time, and for
no response at all (zero force) at a third time. In order for the operator to tal » correct
actfon under all of these circumstances, it is ciearly evident that more information s
requiryd than Is supplied by the primary stimulus,

A similar state of affairs may be shown to exist with a tracking erro- of finite aize.
Deper <. 'g upun what has beer going on prior -o the development of such an error, the 2rrer
ot 1l call for (4) the ypplication of force in tne indicated direction, if no force 1s already
b org applicd, or annerease 'n the amount f force, ! force 1s being applied in the

irarcatea direct'sn, or v¢)a decrease in the amount of force, i force 1S already b:ng
applied in the alrection >pposite to that indicated

Y
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Both of these llasir«tions sivw u cunaltion of low stimulus-response integrity, since
tne required response dears i Jsvariam reiationship to the instantaneous amplitude value
of the stimulus, Rather, the behavior cailed for at any moment must be edurad from pro-
rerly welghted and combined datz jointly suppliced by the visual error amplitude and the
memory of the response everts immediately preceding the act, In ihese examples, the
reguction in the integrity nas Leea broughi sbuvui by insufficrent unburdemng, aitheuygn mad-
equate quickening produces a simitar effect in a different way, as vwill now be shown.

Inadequate Quickening

In situations where there i3 & time delay in the control loop, the instantaneous ampli-
tude values of the visual stimulus generally will nct correaspond to the rerrired amplitude
values of the response. This can be understood i one visualizea 2 dampeu joysilck track-
ing device with only a simple amplifier {n the mechanism (Fig. 4'. Into this system let a
long transmisgion delay be ingerted. If now the subjcct perceives a visual error injected
as a posftion step, and responds by applying lorce to the joystick in the appropriate direc-
tion, he will recive ro visual ccnfirmation of the fact that force has been applied until one
delay-time later. If the operator has been continuing to apply force throughout the whoie
transmission delay in his effort to reduce the error, he scon discovers that he has over-

controlled to 2 marked extent,

What the operator would hava had to ds in order not to overcorrect would be to start
out by responding to the visual error just as he did, but theu., after the ‘orce had been
appited for a time, tc react to the unchanged visual ar-ror by reducing applied force to zero.
In other words, in order to correct the error, the opeiator would have had to maks two
different responses at different times to the same stimulus, Quite obviously, this iz 2
condition of low stimulus-response integrity. Warrick (36) has demonstratrd that a trans-
mission delay oi as little as 40 milliseconds affects tracking performance adversoly, though

the operator 18 not consciously aware of the delay,

Unpubiished studias done a: NRL and the Aero Medizal Laboratory at Wright-Patisraon
Alr Force Bane have shuwn that exponential-type delays in the tracking loop aiso degrade
tracking periormance by an amount related to the time constant of the delay. As 18 the
case with the transmission lag, the exponential delays bring about disruption through
reducing the stimulus-response integrity of the system. The cure with both types of time
lags 1s the most direct form of quickening, i.e., the removal of the delay.

Quickening of « somewhat different type i8 required in alded tracking. Curiousl:
enough, the chief necessity for it arizes from the insertion of integrators into the tra ‘ing
loop for the purposes of unvurdening the operator. These integrators introduce » phase
shift which, as far as the human {s concerned, acts like a time lag,

To exemplify this situation, let it be assumed that an operator 18 tracking with a pres-
sure sticx control and with two integrators and two {eed-forward loops inserted in the mech-
amism (Fig. 7). With such an arrangement in propsc 2djustment and with simple .arget
courees the man car act like an amplifier and track with high procislon, sluce a good cor-
relation prave 13 belwuen the instantaneous vajuc of the (1sual error and the response
required to reuuce it to zero,

However, all this 18 changed wiien the {eed-for ward loops are removed, With no qu'ck-
enlng the operalor beg..s to overzhoot and 2srillate arcund (e target, In servo termi-
#0408y, the »ystem s unstable, and H the operator’s tas - in this unquickened situation ts
analyzed it car be seen why (0 orgoc {51 the man to know what response to make at any
moment i time he must take into account (1) the tnstartanecus urection and amplitude of
the displayed vicual errar, 12) the velocity at whickh the error position has been changing
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and (3) the rate of cbange of the velocity of the error. Yet at any instant, ouly the direc-
tion and amplitude of the error are digplayed directly, where as the other two quantities
must be supplied by estimates taged upon error values extending bick in time, If the
instantaneous error value is taken to be the primary stimulus, it follows, therefore, that
at differenttimes different respouges arz required for the same stimulus,

For example, the operator must respond to an error of a certain value by applying
force in the indicated direction if the error has just been increasing at a constant or accel~
erating rate. However, ne must respond to the same stimulus by applying ferce in exactly
the opposite direction, i1, during its recent past, the error has been diminishing at 2 con-
stant or increasing rate. Finally, he may have to exert no force at all if the error is
decreasing at a decreasing rate. In short, without the quickening provided by the feed-
forward loops, stimulus-response {ntegrity is destroyed and the tracking aystem tends to

Jecome unstavie.

F1'm the foregeing it seems evident that there 15 a viose relationship betwesn math-
ematical ana paychwiogical dsscriptions of human contro! task complexity, Thus, the oper-
ator need attena only to the primary stimulus while performing the analogue of the mathe-
matically simgple task of amplification, whereas he must ajmultaneously take account of
several channeis of information when acting in the more complex muthematical roles of

iniegration and differentiation.

it seema reasonabla to expect that, in general, complex psychological processes, such
as those mediating responsea which are based upon information culiud from sevaral dif-
forant channels, will vary more {rom one instant to anothar than will the relatively uncom-
oiiratcd operation of acting on values within a singie informational dimension. In other
words, one would expect perfnrmance based upon simple stimulus~response honds to te
less arratic than actions evokad through the exercise of complex stimulus-response

connections.

The simplification principle, which is the raison d'tre of this raport, stan's or falls
on the assumpion that the cordition of stimulus-resvonse integrity {s associated with
reduced human variability and enhanced responsa precision, It i3 now argued that this
assoclation I8 produced by virtue of the fact that the conditinn of stimulus-responee inte-
grity prov'des the operator with the easlest of 2!l possible eye-hand coordination taska.

LEAENING

Providizg the operator with a specific task, simple or complex, does not, however,
insure his perfor iance of it, A second assumption behind the desaign principie is that the
human will learn to change his performance when the presented task is changed, i_e., he
will 1eare 10 do whatever he {5 supposed to do in order t0 optimize his own performance.
Thus, it is asaumed that if the system i3 designed to require complex actiona irom the
operator he will gradually learn to perform then, whereas, If only simple acts are called
{for he will adjust his “set® 8o as Sest to exvcute these.

fnere {3 certainly no question that the human car lex: .ough trial-and-error in
circumatances similar to those encoutered by an operator of 2 man-machine system.
Assuming adequatemott  .oninthe form of inter st 2 the task and desive to periorm well,
thers 19 every reason to suppose that the operator ¢ a machine will, in time, come ic
aqjust his response characteristics 8o that he 18 doing whatever s ieCessary to Keep the
error below some “msximal tolerable” level, True, this tolerance w2vel wili vary with
~onditicny, i *ne task proves difficult, tt wiil prohally be set high, wnile for simple tasks
1* «1il undoumtedly be 1owered, Further, tre average size of the error tolerated by the

t

operator vill probably vary with (be stage of his learaing and the leve] of proficiency with
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which he 13 capable of performing, Nevertheless. it i5 unlikely that anyone will seriously
chaltenge the assertion that, given sufficient practice, tne man can learn to perform con-
trol tasks representative of a wide range of mathematltcal and psychological difficulty,

The hazard in the as‘aumpuon relates to the speed of learning, If the operator learns
rapidiy there is no problem, but should weeks of practice be required in vrder for the
human to change his response characteristics to those aemanced by the mechanica:r compo-
nents of the man-machine system, the design principle as stated earlier may be open to
serious quesiion. To be specific, if the vperator, when called upon tc do so, cannot start
acting fatrly guickly in a manner akin to simple amplification (l.e., start applying force
roughly in proportion to the amplitude of the visuai error), the simplification principie, as
presently stated, ro longer holds true, Experimental evidence is sorely needea on this

peint,

COMPENSATORY AND PURSU1)' DISPLAYS

Just as the speed with which an operator can learn to change his mode of response
may be critical in regard . *he validity of the simpitfication principle, so also, may be the
raturc of the visual display employed {n the system. Up to this point tn the report, very
1ittle has been said about the manner in which information should be presented to the oper-
ator. Thisneglecthasresulted {rom a preoccupation with ways and means of overcoming
the necessity for presenting complex information to the man, Howover, it is quite likely
that the nature of the display will influence system performance to an important extent.
For example, it i3 to be expected that in those cases yhere it has not been possible to
achicve complete stimulus-response integrity, the man will do hi= best only when he {8
provided with adequate infcrmation for the intugrations and differentiations which he must
carry ocut. On the other hand, {n systems where the operator need act only 28 an ampii- .
f.er 2 aimpler display may be in order since less information i8 required,

Two fundamentally different types of display have been employed ir research studies
on tracking. One of these, termed a “compensatory® dicplay, presents to the human a fixed
center reference mark or reticle and a moving *target tmage” which responds to the dif-
{arence between the input to the control system and some function of the output, With such
a display, the operator’s task is to center the target signal and to hold it on center as weil
a3 he © n by means of appropriate responses with the control. This display presents
directly to the operatcr only visual error In terms of direction and amplitude. No imme-
diate tnierence as to the nature of the target course is permitted since the input aad output
of the system are muiuaily contaminated through being mixed together.

In contrast to this “single channel® indicator is a “pursuit” display which presents .
three channels of information rather than only one, Visual error 1~ here shown as the dis-
tance between two separately actuated signal markers. One of (W=3¢ markers reaponds
directly to system input, whereas the second, representing system output, may be made
o oursue the firat when the operator applies appropriate forces to the control.

By means of this one dispixy, information is provided to the man which permits him
to take account of the properties of the frput and output independently of one another. as
well as the nature of the error, ‘Tnus, if tnput rate ie required, the pursult display provides
inform.ation which. when ¢** rentiated by the operator, furnishes this quantity. in cunirast,
the compensatory display does not provide this infommnaticn, nor does it supply anything
whic s tne man can operate upon directiy to obtzin system oatput rate, In the vursuit indi-
Cuwi the later s providen by the response of one of t Ywo signal markers

Ly to now, the aiscussion in both parts of this . eport has assumed that a (cmpensatory
al-pidy w53 bedrg empioved 1o ol man-machine svstems described  This is even true for

||I“‘ -
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the indicator associxted with the control system discussed inde the neading A Quickened
Display on page 15. Though the dispiay i8 descrived as a double-pointer dial, the nature
of the systrm is such that during those periods in which the operator is carrying out hie
contrcl task, one of the pointers remains stationary while the otier 1z neld in alignment
with it through balancing responses made by the man.

Compensatory indication has been assumed throvghout this repo-t since it 18 far more
frequently empivycd i caibiing woitinucus 2ontrol systems than are displays of the pursuit
variety, This .koice is influenced by the sericus practical limitatior s on the ussfulness
of pirsuit dizplays. Perhaps one of the moat troublesome of these is the resiricted senst-
tivity of this 'ype of indicator. I, for example, all 360 degrees of azimuth and 80 degrees
of elevation nad to be displayed simullansolly on the indicator, as would be required if
a pursuit display were used to present tracking information {n & gunfire control director,
sensitivity would have to ve 50 much reduced that precise control would be tiapossible.

In conrrast to this, very high error magnifications can be achieved by usiing compensatory
dispiays.

But to return to the discussion, it wouid be predicted that if a pursult display could be
usedq it wouid make possible more precize iuman performance than would a compansatory
indicator under conditions of leas than perfect unburdening and quickening. This would
result from the fact that the pursuit digplay would supply the operator with more informa-
tion then would the ~ompensatory indication, However, if the condition of perfect stimulus-
response integrity had been resiized, the additional information provided by the pursuit
display would not be needed by the operator. Consequently, in this case, it would be sxpected
that Gither wo diference would be found between the two *ypes of indicators or taat the
pursuit display woulid actuaily become worse than ths compensatory. This would occur if
the extra information prosenied in the pursult display had a dietracting effect or the oper-
ator. Such considerationa suggest thet the be=afits to bo derived from the use of one type
of indicator over another wili vary with tue level of complexity of the operator’s task in
the system in question.

Studies by Foulton (18) and Senders and Cruzen (30) attest to the suporiority of o pur-
sult display over a compensatory indicator in an unaided tracking system. By means of an
tngenfous arrangement, it was possible for Senders and Cruzen to pregent the subjact with
eithor 2 pursuit or compensatory diapiay situation or intermediate combinations of the two.
They found tnat the tracking improved continuously as the conditions were gradually altsred
from the pure compensatory arrangement to the pure pursuit condition, though the change
from 50 percent to 100 percent pursui was not statisticaliy aignificant Their findings
support the contention that if the operator must act as an analogue computer in order to
track prof :lently, the pursu:t display will furnish him with the best information,

Unfortunately, adequate evidence is lacking !~ regard to the hypothesis stated above
that the superiority of the pursult dispiy over the compensatory will disappear when the

syitem 18 perfectly unburdened and quickened. Research on this matter has begun at the
Naval Research Laboratory.
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